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(g) Method of operating an aircraft bypass turbofan engine having variable fan outlet guide vanes. 



@ A method of operating an aircraft bypass 
turbofan engine having variable fan outlet guide 
vanes. In a first embodiment, an engine out 
condition is sensed, fan rotor speed is re- 
peatedly measured, and vane (52) pitch is adjus- 
ted to a predetermined value as a function of 
the fan rotor speed to generally maximize 
airflow through the vanes during the engine out 
condition. In a second embodiment, vane pitch 
is adjusted to a preselected value as a function 
of fan rotor speed to generally minimize engine 
noise during a noise reduction mode of engine 
operation. 
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BACKGROUND OF THE INVENTION 

The present invention relates generally to a type 
of gas turbine engine known as an aircraft bypass tur- 
bofan engine, and more particularly to a method of 
operating the engine for an engine out condition and 
for engine noise reduction. 

A gas turbine engine includes a core engine hav- 
ing a high pressure compressor to compress the air 
flow entering the core engine, a combustor in which 
a mixture of fuel and the compressed air is burned to 
generate a propulsive gas flow, and a high pressure 
turbine which is rotated by the propulsive gas flow 
and which is connected by a larger diameter shaft to 
drive the high pressure compressor. A typical aircraft 
bypass turbofan engine adds a low pressure turbine 
(located aft of the high pressure turbine) which is con- 
nected by a smaller diameter coaxial shaft to drive a 
front fan (located forward of the high pressure com- 
pressor) which is surrounded by a fan nacelle and 
which may also drive a low pressure compressor (lo- 
cated between the front fan and the high pressure 
compressor). The low pressure compressor some- 
times is called a booster compressor or simply a 
booster. A flow splitter, located between the fan and 
the first (usually the low pressure) compressor, sep- 
arates the air which exits the fan into a core engine 
airflow and a surrounding bypass airflow. The by- 
pass airflow from the fan exits the fan nozzle (also 
called the fan bypass nozzle or the fan exhaust noz- 
zle) to provide most of the engine thrust (for the case 
of a high bypass engine) for the aircraft. Some of the 
engine thrust comes from the core engine airflow af- 
ter it flows through the low and high pressure com- 
pressors to the combustor and is expanded through 
the high and low pressure turbines and accelerated 
out of the core nozzle (also called the core exhaust 
nozzle). A core nacelle surrounds the low and high 
pressure compressors and turbines and the interven- 
ing combustor. 

Known aircraft bypass turbofan engine designs 
include those having a row of variable-pitch (e.g., piv- 
oting) fan outlet guide vanes radially located between 
the fan and core nacelles and longitudinally located 
aft of the flow splitter wherein it has been reported 
that the vane incidence angle is controlled to reduce 
losses, improve fan bypass efficiency and increase 
fan bypass stall margin. What is needed is a method 
to more efficiently operate such an engine. 

SUMMARY OF THE INVENTION 

It Is an object of the invention to provide a method 
of operating an aircraft bypass turbofan engine hav- 
ing variable fan outlet guide vanes for an engine out 
condition and for engine noise reduction. 

The invention provides a method of operating an 
aircraft bypass turbofan engine wherein the engine 
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includes a longitudinally aft-most row of generally ra- 
dially outwardly extending fan rotor blades, a core na- 
celle located aft of the blades and having a forward 
end defining a flow splitter, a fan nacelle surrounding 
5 the blades and at least part of the core nacelle, and 
a row of variable-pitch fan outlet guide vanes radially 
located between the fan and core nacelles and posi- 
tioned aft of the flow splitter. The method includes 
sensing an engine out condition, repeatedly measur- 
10 ing fan rotor speed, and adjusting the pitch of the 
vanes to a predetermined value as a function of the 
current fan rotor speed measurement to generally 
maximize airflow through the vanes during the en- 
gine out condition. 
15 The invention also provides a method of operat- 

ing the same engine described in the previous para- 
graph including the steps of repeatedly measuring fan 
rotor speed, adjusting the pitch of the vanes to a pre- 
selected value as a function of the current fan rotor 
20 speed measurement to generally minimize engine 
noise during a noise reduction mode of engine oper- 
ation, and adjusting the pitch of the vanes to a prees- 
tablished value as a function of the current fan rotor 
speed measurement during a mode (e.g., cruise) of 
25 engine operation different from the noise reduction 
mode wherein the preselected value is different from 
the preestablished value for an identical fan rotor 
speed measurement. 

Several benefits and advantages are derived 
30 from the method of engine operation of the invention, 
especially on multi-engine aircraft. Maximizing air- 
flow throujgh the vanes during an engine out condition 
reduces engine internal drag and nacelle (spillage) 
drag and prevents inlet upper external lip airflow sep- 
35 aration during a high angle of attack takeoff, such un- 
wanted separation increasing inlet drag and decreas- 
ing wing lift. Since current engine design incorporates 
a larger and heavier fan nacelle designed for the drag 
and separation of an engine out condition and since 
40 current aircraft design incorporates a larger and 
heavier tail designed to control yaw caused by in- 
creased drag for an engine out condition, significant 
increases in specific fuel consumption can be ach- 
ieved with the method of the present invention which 
45 allows for smaller engine nacelles and aircraft tails 
whereby the operating engines can safely fly a multi- 
engine aircraft during an engine out condition. Adjust- 
ing vane pitch to minimize engine noise based on fan 
rotor speed will help aircraft meet noise regulations, 
so such as during aircraft descent. Adjusting vane pitch 
to reduce drag and increase thrust based on fan rotor 
speed will help aircraft increase engine performance 
when engine noise is not a problem such as during 
high altitude cruise. 

55 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings illustrate a prefer- 
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red embodiment of the present invention wherein: 
Figure 1 is a schematic cross-sectional side view 
of an aircraft bypass turbofan engine; and 
Figure 2 is a schematic top view taken along lines 
2-2 of Figure 1 showing the variable-pitch fan out- 5 
let guide vanes set to a particular pitch value. 

DETAILED DESCRIPTION OF THE INVENTION 

Referring now to the drawings, and particularly to 10 
Figure 1, there is illustrated generally an aircraft by- 
pass turbofan engine 10 having a generally longitu- 
dinally extending axis or centerline 12 extending for- 
ward and aft It is noted that unnumbered arrows (and 
numbered arrows if so described) indicate the direc- 1 5 
tion of airflow (or gas flow) through the engine 10. 
The bypass turbofan engine 10 includes a core en- 
gine (also called a gas generator) 14 which comprises 
a high pressure compressor 1 6, a combustor 18, and 
a high pressure turbine 20, all arranged in a serial, ax- 20 
ial flow relationship. A larger diameter annular drive 
shaft 22, disposed coaxially about the centerline 12 
of the engine 10, fixedly interconnects the high pres- 
sure compressor 16 and the high pressure turbine 20. 

The core engine 14 is effective for generating 25 
combustion gases. Pressurized air from the high 
pressure compressor 1 6 is mixed with fuel in the com- 
bustor 18 and ignited, thereby generating combustion 
gases. Some work is extracted from these gases by 
the high pressure turbine 20 which drives the high 30 
pressure compressor 1 6. The remainder of the com- 
bustion gases are discharged from the core engine 
14 into a low pressure or power turbine 24. The low 
pressure turbine 24 is fixedly attached to a smaller di- 
ameter annular drive shaft 26 which is disposed co- 35 
axially about the centerline 12 of the engine 10 within 
the larger diameter annular drive shaft 22. The small- 
er diameter annular drive shaft 26 rotates an intercon- 
nected low pressure compressor (also called a boos- 
ter or booster compressor) 28 and a fan including a 40 
longitudinally aft-most row of generally radially out- 
wardly extending fan rotor blades 30. Preferably, the 
blades 30 are fixed-pitch blades 30. Although only 
one row of fan rotor blades 30 is shown in Figure 1, a 
particular engine design may have additional rows of 45 
fan rotor blades with associated intervening rows of 
fan stator vanes (also called fan guide vanes). 

The core engine 14, low pressure turbine 24, and 
low pressure compressor 28 are surrounded by a cas- 
ing or core nacelle 32 which supports the drive shafts 50 
22 and 26 by bearings (not shown). The core nacelle 
32 is disposed longitudinally aft of the blades 30 and 
has a longitudinally forward end defining a flow split- 
ter 34 and a longitudinally aft end defining a core noz- 
zle 36. 55 

A fan nacelle 38 circumferentially surrounds the 
blades 30 and at least a portion of the core nacelle 32. 
The fan nacelle 38 is supported about the core na- 



celle 32 by a plurality of support members 40, such 
as fan frame struts 40 or stationary (i.e., non-rotat- 
ing) structural fan outlet guide vanes, only two of 
which are shown in Figure 1. It is noted that blades 
and vanes have cambered airfoil shapes while struts 
do not The fan nacelle 38 has a longitudinally aft end 
defining a fan nozzle 42, an inner exterior surface 44 
facing generally radially inward, and an outer exterior 
surface 46 facing generally radially outward. It is not- 
ed that in some designs, the fan nozzle 42 may be 
eliminated with the bypass air being ducted to mix 
with the core exhaust in a "mixed-flow" type of ex- 
haust nozzle. 

A row of variable-pitch fan outlet guide vanes 52 
is radially disposed between the fan and core na- 
celles 38 and 32 and longitudinally disposed aft of the 
flow splitter 34. Preferably, the row of vanes 52 is the 
nearest row of airfoils to the blades 30 longitudinally 
aft and radially outward of the flow splitter 34. Prefer- 
ably, the vanes 52 are pivotable vanes although vane 
pitch could be varied by having only the vane leading 
edge or vane trailing edge pivotable or by otherwise 
varying the effective angle of incidence of the vanes, 
as is known to those skilled in the art 

Means are provided for varying the vane pitch 
such as by pivoting the pivotable vanes 52. Preferably 
such vane-pivoting or vane-turning means include a 
lever arm 54 connected to the pivotable vanes 52. In 
an exemplary embodiment, the lever arm 54 is actu- 
ated by a unison ring 56. Other such vane-pivoting 
means include various mechanical and electro-mech- 
anical devices, as is known to those skilled in the art. 

During cruise, the vanes 52 would be pivoted to 
reduce the swirl angle of the bypass air discharged 
from the blades 30 (i.e., the blade swirl angle). The 
blade swirl angle depends on the rotational speed of 
the blades 30 which varies during flight. The swirl an- 
gle is the angle of the bypass air (i.e., the air flowing 
radially between the core and fan nacelles 32 and 38) 
relative to the engine's longitudinal axis 12. Engine 
drag is reduced and engine thrust is increased if the 
swirl angle is zero at the fan nozzle 42. Figure 2 
shows longitudinally directed ambient air 66 entering 
the area of the blades 30 and exiting therefrom with 
an airflow direction 68 corresponding to a large blade 
swirl angle, such air then entering the area of the 
vanes 52 which turn the airflow such that air exits the 
vanes 52 with an airflow direction 70 corresponding 
to a small (essentially zero) vane swirl angle. Such 
vanes 52 would be pivoted during, for example, cruise 
to adjust to a varying blade swirl angle (which is a 
function of the fan rotor speed) to reduce the swirl an- 
gle of the bypass air at the fan nozzle 42 and thus de- 
crease drag and increase thrust to improve engine ef- 
ficiency. 

An engine out condition can be detected by a sen- 
sor such as a zero fuel flow sensor 72 located, for ex- 
ample, near the combustor 18. Other such sensors in- 
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elude a combustor or high pressure turbine tempera- 
ture sensor wherein a low temperature indicates an 
engine out condition. Fan rotor speed can be meas- 
ured by an electromagnetic or optical pick-up device 
74 located proximate the blade tips of the booster or 5 
low pressure compressor 28. Such device 74 could 
also be located proximate the tips of the fan blades 
30 or near the fan shaft 26. Such temperature and 
fuel flow sensors and rotor speed measuring devices 
are presently used in conventional jet engines. An 10 
electronic engine controller 76 may be used to re- 
ceive inputs from the engine out (e.g., fuel flow) sen- 
sor 72 and from the fan speed measurement device 
74 and to direct outputs to the actuators of the unison 
ring 56 to vary the pitch of the adjustable- pitch vanes 15 
52. 

Af irst embodiment of the method of the invention 
includes sensing an engine out condition (via sensor 
72) for the engine 10, repeatedly measuring fan rotor 
speed (via sensor 74) during the engine out condition, 20 
and adjusting the pitch of the vanes 52 to a predeter- 
mined value as a function of the current fan rotor 
speed measurement to generally maximize airflow 
through the vanes during the engine out condition. 
The value of the pitch of the vanes 52, which maximiz- 25 
es airflow therethrough, is a function of the fan rotor 
speed and can be predetermined by analytical calcu- 
lations or by empirical measurements. Analytical cal- 
culations could employ computers and empirical 
rheasurements could employ ground tests or flight 30 
tests. Such analytical calculations and empirical 
measurements are all within the purview of those skil- 
led in the art. 

Asecond embodiment of the method of the inven-^ 
tion includes repeatedly measuring fan rotor speed, 35 
adjusting the pitch of the vanes to a preselected value 
as a function of the current fan rotor speed measure- 
ment to generally minimize engine noise during a 
noise reduction mode of engine operation, and ad- 
justing the pitch of the vanes to a preestablished val- 40 
ue as a function of the current fan rotor speed meas- 
urement during a mode of engine operation (such as 
cruise) different from the noise reduction mode, 
wherein the preselected value is different from the 
preestablished value for an identical fan rotor speed 45 
measurement (as can be determined by those skilled 
in the art). The value of the pitch of the vanes 52, 
which minimizes engine noise for a noise reduction 
mode of engine operation is a function of the fan rotor 
speed and can be preselected by analytical calcula- so 
tions or by empirical measurements in a manner sim- 
ilar to that discussed for the first embodiment in the 
previous paragraph. Likewise, the value of the pitch 
of the vanes 52 which, for example, minimizes drag 
and maximizes thrust for optimal engine perfor- 55 
mance during a cruise mode of engine operation is a 
function of the fan rotor speed and can be preestab- 
lished by analytical calculations or by empirical meas- 



urements in a manner similar to that discussed in the 
paragraph above. 

In an exemplary embodiment of the invention, 
the fan nacelle 38 has a through passageway with a 
terminus located on the generally radially inwardly 
facing inner exterior surface of the nacelle, with such 
terminus disposed longitudinally aft of the blades 30. 
The vanes 52 are pivotable and are located longitu- 
dinally aft of the passageway terminus. Means are 
provided for pivoting the vanes such that for ground 
deceleration the vanes generally block airflow there- 
through. Means are also provided for opening the 
passageway for ground deceleration and for closing 
the passageway. Preferably the passageway is a 
thrust reverser passageway. In an exemplary method 
of operating the engine 10, the passageway would be 
opened and the vanes pivoted to block flow there- 
through for ground deceleration. The term "decelera- 
tion" means a negative acceleration such as, but not 
limited to, slowing down a forward-moving aircraft on 
the runway or backing an aircraft away from the air- 
port departure gate. 

The foregoing description of the invention has 
been presented for purposes of illustration. It is not in- 
tended to be exhaustive or to limitthe invention to the 
precise form disclosed. For example, the pitch of the 
vanes 52 may be changed by telescoping or sliding 
the vane leading or trailing edge or by otherwise 
changing the size or configuration of the vane. Obvi- 
ously many modifications and variations are possible 
in light of the above teachings all of which are within 
the scope of the claims appended hereto. 



Claims 

1. A method of operating an aircraft bypass turbo- 
fan engine 10, said engine 10 including: a gener- 
ally longitudinally extending axis 12 extending 
forward and aft; a longitudinally aft-most row of 
generally radially outwardly extending fan rotor 
blades 30;.a core nacelle 32 disposed longitudin- 
ally aft of said blades 30 and having a longitudin- 
ally forward end defining a flow splitter 34; a fan 
nacelle 38 circumferential ly surrounding said 
blades 30 and at least a portion of said core na- 
celle 32; and a row of variable- pitch fan outlet 
guide vanes 52 radially disposed between said 
fan arid core nacelles 38 and 32 and longitudin- 
ally disposed aft of said flow splitter 34, and said 
method comprising the steps of: 

(a) sensing an engine out condition for said 
engine 10; 

(b) repeatedly measuring fan rotor speed dur- 
ing said engine out condition; and 

(c) adjusting the pitch of said vanes 52 to a 
predetermined value as a function of the cur- 
rent fan rotor speed measurement to general- 
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ly maximize airflow through said vanes 52 
during said engine out condition. 

2. A method of operating an aircraft bypass turbo- 
fan engine 10, said engine 10 including: a gener- 5 
ally longitudinally extending axis 12 extending 
forward and aft; a longitudinally aft-most row of 
generally radially outwardly extending fan rotor 
blades 30; a core nacelle 32 disposed longitudin- 
ally aft of said blades 30 and having a longitudin- 1 o 
ally forward end defining a flow splitter 34; a fan 
nacelle 38 circumferentially surrounding said 
blades 30 and at least a portion of said core na- 
celle 32; and a row of variable- pitch fan outlet 
guide vanes 52 radially disposed between said 15 
fan and core nacelles 38 and 32 and longitudin- 
ally disposed aft of said flow splitter 34, and said 
method comprising the steps of: 

(a) repeatedly measuring fan rotor speed; 

(b) adjusting the pitch of said vanes 52 to a 20 
preselected value as a function of the current 

fan rotor speed measurement to generally 
minimize engine noise during a noise reduc- 
tion mode of engine operation, and 

(c) adjusting the pitch of said vanes 52 to a 25 
preestablished value as a function of the cur- 
rent fan rotor speed measurement during a 
mode of engine operation different from said 
noise reduction mode, wherein said prese- 
lected value is different from said preestab- 30 
lished value for an identical fan rotor speed 
measurement. 

3. The method of claim 2, also including the ; steps 

of sensing an engine out condition for said engine 35 
10 and adjusting the pitch of said vanes 52 to a 
predetermined value as a function of the current 
fan rotor speed measurement to generally maxi- 
mize airflow through said vanes 52 during an en- 
gine out condition. 40 
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